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ABSTRACT 


The work performed under JPL Contract 955437 was for a 
preliminary survey program to examine the various aspects of 
achieving a low mass heat pipe radiator for the NEP spacecraft. 
Specific emphasis was placed on a concept applicable to a closed 
Bray ton cycle power sub-system. 

Three aspects of inter-related problems were examined: the 

armor for meteoroid protection, emissivity of the radiator surface, 
and the heat pipe itself. 

The study revealed several alternatives for the achievement 
of the stated goal, but a final recommendation for the best design 
requires further investigation. 
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NEW TECHNOLOGY 


The following item of new technology was generated under the 
contract: 

1. Segmented Heat Pipe Bumper for Protection Against Meteoroid 
Collisions - Donald M. Ernst 
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SUMMARY AND CONCLUSIONS 


This study program examined various aspects of achieving a low 
mass heat pipe radiator for the NEP spacecraft, with emphasis on a 
version using a Closed Brayton Cycle power sub-system. The mass of 
the radiator is a complex function of several variables. Thus three 
separate items were evaluated: the meteoroid armor, the emissivity 

of the surface and the heat pipe itself. 

These three factors are inter-independent. However, they were 
analyzed separately in this preliminary survey program. A fully 
integrated analysis of a low mass heat pipe radiator would require 
considerably more effort than was permissible under the scope of this 
program. 

The following conclusions can be drawn: 

1. Small diameter pipes with the same wall thickness as larger 
diameter pipes will show a decreased penetration depth for a 
given meteoroid. 

2. Interfaces between armor and underlying heat pipes are beneficial. 

3. The armor must look homogeneous to the meteoroid. Taken in conjunction 
with the high total emissivity requirement of the surface, this 
consideration rules out the use of powder metallurgy armor. 

4. chevron fin armor is at this time impossible to evaluate completely. 
However, based on the comments of Southwest Research Institute it 
should be pursued further. 

5. Segmented heat pipes used as bumpers on top of the radiator heat 
pipes look quite attractive and need additional evaluation. 

6. A total emissivity is excess of 0.9 can be obtained by the use of 
geometrically produced effects in fins. 
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7. The mass of the CBC heat pipe without protection can be substantially 
reduced by going to small diameter heat pipes. 

Finally one concludes that this study has just scratched the 
surface of the many possibilities for low mass radiators, and that 
there is ample and urgent reason for additional work on the design 
and evaluation of the various alternatives. 



1. METEOROID PROTECTION 


The Nuclear Electric Propulsion Spacecraft being considered 
for use in exploration and intensive study of the outer planets 
and the surrounds of the solar system will be subjected to the 
hazards of meteoroids during its journey through space. Accordingly, 
the spacecraft design must include some type of armor which will 
protect the vulnerable areas from catastrophic failure upon impact 
by these meteoroids. 

Armor design is crucial to the success of a mission. Without 
it»missions could not be made. However, in order to achieve a 
high overall probability of mission success, the armor may be so 
massive that the system is no longer viable. Thus low mass armor is 
highly desirable. 

In the 400kWe NEP designs currently being looked at, the total 
specific mass of the power sub-system is targeted at 20 kg^kWe, of 
which up to 35% (7 kg/kWe) may be necessary to achieve the required 
degree of protection from meteoroid impact. Accordingly, a reduction 
in the mass of the armor could be instrumental in the power sub- 
system achieving its targeted specific mass. 

In the power sub-system, the majority of the armor which is 
required is for the protection of the power conversion heat rejection 
system which generally employs a matrix of heat pipes. These heat 
pipes may use a single element radiator for each conversion device: 
they may be a matrix of interconnecting heat pipes where several main 
heat pipes accept heat from many conversion devices for distribution 
to the radiator heat pipes, or the radiator heat pipes may be fed 
from a gas or liquid metal pumped loop. Whatever the design, the armor 
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oust be an integral part of the radiator elements which means that 
it must not act as radiation shield. 

To arbitrarily design armor is not possible. In addition to its 
bemg integral to the radiator elements, armor design (and therefore 
mass) is a complex function of the overall system design. This is 
seen when essential criteria are established beginning with the 
mission which defines the flight time and path from which a meteoroid 
flux model can be generated. Additionally, an overall mission success 
probability must be defined from which sub-system and component 
probabilities are generated. These component probabilities are 
themselves a function of unrelated probabilities based on mechanical, 
thermal, electrical or meteoroid inflicted degradation or failure. 

Armor is required to protect sensitive components from meteoroid 
puncture. Protection from meteoroids is a function of mission time, 
meteoroid flux, vulnerable area of the smallest component to be 
protected, the required probability of survival of that component 
which in turn is a function of the total number of components and 
the probability of survival of the collection of components. 

Therefore it becomes obvious that armor design is of primary importance 
to mission success. 

Accordingly, in order to evaluate low mass armor, certain 
assumptions must be made in order to establish a base line design. 

For this purpose the CBC base line radiator heat pipe will be used. 
Section 3 establishes this base line as well as exploring other 
possible heat pipe designs. 

This section looks at the basic phenomena of hypervelocUy 
impact and four different types of meteoroid armor: solid metal, 

powder metallurgy, chevron fins, and heat pipes used as bumpers. 
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The initial basis for this study lay in concepts generated under 
JPL Contrr.ct 955100 (powder metallurgy and chevron fin armor). 

The intent, was to evaluate the effectiveness of these armor designs. 
However, as information was received from new sources, it became 
apparent that additional theoretical and experimental work must be 
carried out to fully evaluate them. 

Specifically, this study showed that powder metallurgy material, 
with its relatively low emissivity, is not well suited to the dual 
role of armor and radiating surface. Solid armor, with an interface 
between armor and heat pipe, may prove to be lower mass than originally 
though and is considerably less complex. The chevron fin armor showed 
promise but needs considerable additional investigation. 

One new concept which was developed and showed several advantages 
as low mass armor is the idea of segmented heat pipes acting as 
bumpers to protect the underlying radiator heat pipe. This concept 
evolved late in the study and was not fully evaluated. 

1.1 Hypervelocity Impact Phenomena 

1 2 3 4 

In examining hypervelocity impact, various books , and reports* - ’ 
were reviewed along with discussion with eminent professionals in 

i* a 

the field. These pointed out the marked differences in single plate 
amor, a thin shield protecting a backup plate, multiple shields, 
as well as the effects of velocity, mass and density of the meteoroid, 

and the effects of various materials. 

9 1 

Hickerson , in Kinslow's book , states '’The hypervelocity impact 
of a projectile with a solid target results in an extremely complex 
phenomenon. A complete description of this behavior would involve 


5 


consideration ° f uU Pha “» “<• continuum mechanics theory. ln thc 
initial high pressure phases of the impact, the material behaves 
essentially as an invisoid, compressible fluid since the pres.ures 
are high with respect to the daai.ua shear stresses that can be 
developed within the aateri.1. A crater form. which expands rapidly 
for a tine, and a shock wave emanates from its surface. A stage 
of plastic deformation follows which apparently decays rapidly into 
a spherical elastic wave which continues through the target. A 
eempl.t. theory for the description of the hypervelocity impact 
phenomena would involve not only the above phases but also other 
situations such as melting and resolidification, vaporisation and 
condensation, and the kinetics of phase change." 

Accordingly, the evaluation of low density armor will be carried 
out by first looking at the mass of solid armor capable of protecting 
the CBC radiator followed by a narrative on several low density armors 
as best evaluated by the information available. 


1.2 Solid Armor 

The JPL supplied penetration equation for the HEP missions is 


t = 0.0010144 


Kf AT 1 °* 2902 


Eq. 1.1 


by^h^average m««™”d *" t0 PrCV -'' lt S»""™ion of the armor 

K * Materials factor - given as 1 for Lockalloy 
A = Component vulnerable area - cm 2 
T — Mission time in hours 
P = Individual component survival probability 
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The equation predicts the required armor thickness to prevent: 
penetration of tockalloy at room temperate .'e by i .k expected average 
meteoroid to be encountered during the NF.P mission. In order to 
evaluate other armor material at elevated temperatures, additional 
information is required. 

Examination of the various equations which have been theoretically 
and experimentally developed reveals much similarity in the basic 
equation. Accordingly, Equation 1.1 can be rewritten 3 *n tervs of 
the armor properties as: 


t = Vo 


a((a)”^(v )~ 2/3 
s 




Where yb - room temperature cratering coefficient 
a = rear surface damage factor 
( a = density of armor - gm/cc 
v a velocity of sound in armor •• cm/sec 

Ta = temperature of armor °K 
To = room temperature °K 
= meteoroid flux constant 


Eq. l . ?. 


The cratering coefficient, y and, the rear surface damage 
factor, A, vary for different materials as seen in Table 1.1. The 
three modes of damage by meteoroid impact are defined as follows: 

1. Dimple - The impacted surface is physically dented but the 

integrity of the rear surface is not disrupted. 

2. Spall — The impacted surface may be partially penetrated and 

spallation may occur from the rear surface} however, 
the complete thickness of the material is not perforated. 

3. Perforation - The complete thickness of tbe impacted material is 

physically perforated. 

The absence ol' a rear surface damage factor for tockalloy makes 
it difficult to compare to other armor materials. However, since 
the rear surface factors for the listed materials are similar except 
for Nb-l%j?r, and the fact that tockalloy is 38?:» aluminum, the 



aluminum factor will be used for l.ockalloy. 

From Equation i.2 and Table 1.1, the material* factor K in 
Equation 1.1 can be calculated. Several values are seen in Table 1.2. 
The value of 0.67 for 316SS is higher than the 0.53 value as suggested 
by JPL. This discrepancy should be resolved in order to be able to 
fully evaluate SS as a possible armor. 

Depending on the final design of the radiator heat pipes it 
is difficult to estimate whether dimpling or spallation will render 
the heat pipe inoperable. Thus, it was decided to use the perforation 
rear surface factor in order to evaluate the mass of the armor. 

Table 1.3 shows the perforation factor for the selected material at 
temperatures of interest for the NEP radiator. 

Since Lockalloy and aluminum can not be used throughout the entire 
temperature range over which the CBC radiator must operate and are 
definitely not suitable for use in conjunction with the thermionic 
system, only the higher temperature materials will be evaluated and 
only at 700°K, the upper end of the CBC radiator temperature. 

In discussing the required armor thickness, the thickness of 
the heat pipe wall must also be taken into consideration, as must 
the diameter of the heat pipe which defines the vulnerable area, 
and whether there are fins which can be utilized as armor. In order 
to reduce the number of variables so that the effects of the armor 
design could be evaluated, a base line heat pipe was established as 
seen in Table 1.4. 
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Table l.l 


CRATERING COEFFICIENT AND REAR SURFACE DAMAGE FACTOR 


Material 

FOR SELECTED 
Cratering Coefficient 

MATERIALS 

Rear Surface Daaa&e Factor "a 1 



XL 

Dimple 

Spall 

Perforation 

2024 AL 


1.07 

2.5 

2.3 

1.7 

Lockalloy 


2.06 

- 

- 

1.7* 

316 SS 


2.19 

2.4 

1.9 

1.4 

A-286 


1.77 

2.4 

1.9 

1.4 

Nb-l'A J-r 
•Estimated Value 

1.81 

4.5 

4.0 

1.7 


Table 1.1 

MATERIALS FACTOR K FOR SELECTED MATERIALS 
AT ROOM TEMPERATURE 


Material 

Dimple 

Spall 

Perforation 

2024 Al 

1.68 

1.54 

1.14 

Lockalloy 

- 

- 

— 

316 SS 

1.15 

0.91 

0.67 

A-286 

0.93 

0.73 

0.54 

Nb-1%? r 

2.22 

1.98 

0.84 
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Table 1.3 


MATERIALS FACTOR K FOR PERFORATION OF SELECTED 
MATERIALS AND TEMPERATURES 


Material 



K 



300°K 

500°K 

700°K 

900°K 

2024 A1 

1.14 

1.24 

1.31 

1.37 

Lockalloy 

1.00 

1.09 

1.15 

1.20 

316 SS 

0.67 

0.73 

0.77 

0.80 

A-286 

0.54 

0.59 

0.62 

0.65 

Nb-1% ?r 

0.84 

0.91 

0.97 

1.00 


Table 1.4 





BASE LINE HEAT 

PIPE 




O.D. - 2 . 54 (1") 

Wall - 0.0254 cm (0.01") 

Length - 262 cm (103") 

Vulnerable area - 665 cm 2 (103 in 2 ) 
Mass of SS heat pipe - 1 . 75 ’tg 
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Baaed on a mission time of 87,600 hours and a no-puncture 
probability of 0.9 for each heat pipe, the required armor thickness 
and mass for the selected materials at 700°K is seen in Table i.5. 


Material 

Table 1.5 

REQUIRED ARMOR THICKNESS AND MASS « 700°K 

Thickness 
0.27 cm 

Mass 
2.26 kg 

316 SS 

A— 286 

0.22 cm 

1.83 kg 

Nb-1% 7r 

0.34 cm 

3.05 kg 

The mass of 

the armor was taken to be: 



a ‘ 2 t ' f - a 

Eq. 


* Mass of the armor — grams 
D = Heat pipe diameter - 2.54 cm 
t » Armor thickness - cm 
•' « Heat pipe length - 262 cm 
C a a Density of the armor - gra/cc 


When sol id amor is employed, there can be some advantage to 
having an interface beteeen the armor and heat pipe, ballistic testa 
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of stainless tubes in aluminum armor show marked improvement over 
single aluminum tubes. That is, in general, the integrity of the 
inner tube was not lost nor did spalling of the inner tube take place, 
even when the inner tube was completely closed. The rear surface 
thickness factor was found to decrease as a function of H/D. H is the 
inner tube dimple height and D is the tube diameter. Specific values 
are seen in Table 1.6. 


Table 1.6 

REAR SURFACE DAMAGE FACTOR A FOR ALUMINUM OVER STAINLESS STEEL 
FOR VARIOUS RATIO OF DIMPLE HEIGHT TO TUBE DIAMETER 


A 

H/D 

2.5 

0.0 (No Dimple) 

2.0 

0.13 

1.7 

0.22 

1.5 

0.32 

1.4 

0.34 

1.0 

0.60 

0.9 

0.75 

0.8 

1.0 l Inner Tube Closed) 


By comparing the "A" factor for aluminum in Table 1 and 6, 
it is interesting to note that for an H/D of 0.22 or greater, the 
rear surface damage factor is less than that required to prevent 
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perforation. If this same relationship holds for stainless on stainless, 
then the armor thickness required could possibly be reduced below that 
given in Table l.S. However, the effects of the dimple on heat pipe 
operation would have to be taken into consideration. 

A dimpled heat pipe can be affected in two ways. First, the 
liquid flow path could be interrupted or blocked. Second, the vapor 
flow path could be partially or totally blocked. However, since the 
armor thicknesses of Table 5 were based on the penetration rear surface 
damage factor, the heat pipes would have suffered some dimpling and 
spallation damage by those meteoroids which did not cause penetration. 
Thus the use of armor over a liner will have a definite advantage 
over a solid tube. However, this does imply that the armor thickness 
stands alone, i.e. the thickness of the heat pipe can not be used to 
reduce the armor thickness. 

In order to make use of this interface effect, the validity of 
it with the materials of construction would have to be proven by tests, 
as well as establishing what effect a dimple in the heat pipe wall 
has on the heat pipe's performance. The reduction in heat pipe 
performance with dimples has to be considered anyway unless the armor 
is increased in thickness to prevent dimpling. 

1.3 Low Mass Armor 

Two types of low mass armor were investigated. They are powder 
metallurgy foam metal and a collection of thin plates. The investigation 
or evaluation of these armor types raised as many questions as were 
answered, which leads to the conclusion that additional work needs to be 


done in this area. 


1*3.1 Powder Metallurgy Armor 

In order to have a low raa. a armor either the real density or 
apparent density of the armor must be reduced. Materials of low 
density such as aluminum, beryllium, and Lockalloy are not useful at 
the higher temperatures of interest and they also present a bonding 
problem to a stainless heat pipe. Thus one look at low apparent 
density materials such as powder metallurgy foam metal. 

From Equation 1.2, it is seen that the required armor thickness 
is proportional to the reciprocal of the square root of the density 
of the armor. Since mass is equal to the thickness times the density, 
the armor mass is proportional to the square root of the density. 

Thus 25% dense armor will be twice as thick and have 50% of the mass 
of solid armor. On the surface, this appears to be a good method by 
which to reduce the mass of the armor. However, for this method to 
be viable, the other physical properties of the armor cannot change with 
the apparent density. Also, the armor must appear to be a "solid" to 
the impinging meteoroids. That is, the diameter of the meteoroids must 
be at least 10 times the diameter of the particles making up the armor. 

For a 50% dense armor made from 2 xio -3 cm particles, the meteoroid 
must be at least 2 x 10“ 2 cm in diameter for the armor to behave as though 
it were solid. A particle of 2 x 10 2 cm diameter with a 0.5 gm/cc density 
will have a mass of 2.09 x 10 6 gm. JPL considers only those meteoroids 
with a mass in excess of lo'°gm as being of concern to the radiator 
heat pipes. Therefore, if 50* dense armor is to be used it must be made 
with 2xi0 °cm or less diameter particles. 

For densities less than 50i, non-spherical particles must be U3ed 
to make up the armor, and the meteoroid size which will see the 
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armor as being solid will increase accordingly. 

The reduction in mass of armor by the use of porous material 
is based on the other physical properties of the armor being invariant 
of the density, which is not the case. For instance, the velocity 
of sound is equal to the square root of the modulus of elasticity divided 
by the density. The actual velocity of sound of the individual 
particles will remain the same. However, since the effective path 
length will be a tortuous one, and increases with decreasing density, 
the effective velocity of sound should be lower. Thus the required 
armor thickness and mass will increase as the sonic velocity decreases 
with decreasing density. 

One physical property which definitely changes with the apparent 
density is the thermal conductivity. A high thermal conductivity is 
necessary for the armor so that the At through it is low, thus 
keeping the radiating surface temperature as high as possible. At 
first one might think that the thermal conductivity is inversely 
proportional to the apparent density. However, for perfectly square 
packed spheres of the same diameter the theoretical packing density 
is 52% and the spheres are tangent to each other. Thus the thermal 

conductivity can not be 52% of the solid material since the particles 
only have point contact. 

A theoretical treatment of the thermal conductivity of porous 
material should be carried out in a manner similar to that by which 
the permeability of porous material has been determined. This model 
should also take radiation into account, and be followed by experimental 
determination of the thermal conductivity of various porous materials. 
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part of tho determination of the eff.etive emiaaivity of porou. 
material (covered in Section 2 ) aev.r .1 testa mere performed from which 
an effective thensal conductivity of 30% dens, nickel at U 00 o K was 
calculated to be about IS, of that of solid nickel. These tests were 
not designed to measure th.rn .1 conductivity. Therefore, the accuracy 
” at best .25* but it does indicate that indeed the thermal conductivity 
of porous metal is considerably less than the apparent density times 
the thermal conductivity of the base metal. Based on this marked 
reduction in the thermal conductivity of porous metal, its use as a 
low mass armor may be limited. The combined effect of reduced thermal 
conductivity and increased armor thickness for porous atmor may increase 
the AT through the armor by an order of magnitude. At 700°K the At 
through solid 3S armor is 2 . 2 °K, thus the At through porous armor may 
be as high as 22°K, which at 700°* would require an increase in 
radiating surface area of 13.5% in order to dissipate the same amount 
of heat as compared to a 1 . 3 , i„ or .as. for the solid armor. Table l.T 
compares the mass of . 700°K SB heat pipe with solid armor and 50% 
dense porous armor. The armor mass is assumed to be proportional to 

the square root of the apparent density (optimistic) and the thermal 
conductivity it 10 % of the base material. 

From Table 1 . 7 , it appears that the 50% dense armor will have 
an overall lower mass than solid armor if the assumption about the 
porous armor material is correct, further reduction in mass may be 
possible by going to 20 % dense material. However, the effective 
thermal conductivity win probably decrease by another order of magnitude 
and the armor will start to look less like a solid surface to the 
impinging meteoroids. 
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Additionally, if the interface effect con be utilized, aa 
discuased in 1.2, than the solid amor nay be reduced in thickness 


such that its 

mass 

becomes 

comparable to that of the 

50% dense armor. 



Table 1.7 




MASS COMPARISON 



SOLID ARMOR 

VS. 50% DENSE ARMOR 


Solid Armor 



50% Dense Armor 


Heat Pipe 


1.75 kg 

Heat Pipe 

1.75 kg 

Solid Armor 

• 

2.26 ks 

Armor (.707 x solid) 

1.60 kfi 

Total 


4.01 kg 

Total 

3.35 kg 

1.3% increase in 
mass due to 22°K 
armor A T 


13.6% increase in 
mass due to 22°K 
armor A T 


Total mass 


4.06 kg 

Total mass 

3.81 kg 


1*3.2 Thin Plate Armor 

The evaluation of armor to this point has only considered 
stopping the meteoroid from puncturing the heat pipe wall with the use 
of solid or porous armor. This section will look at the use of 

single or multiple thin sheets as a possible means of achieving low 
mass armor. 

Most of the thin shield work has been aimed at the concept 
of bumpers protecting an underlying armor. In this concept, the 
impinging meteoroids strike the thin shield causing the meteoroid 
to break up and spread radially over a large area such that the 
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foro. per unit area which U eb.erv.d at the underlying amor i. 
sub.tanti.lly reduced. 3 Thi, type cf .near ha, from 35 to so* of 
the «... of solid amor. The shield i. approximately 10 * thick 
a. .olid amor and placed at leant five nolid a, .or thickneaa away 
fro the underiyin, amor, which i, fro. 25 to 40* cf the thickness 
of solid armor. Thun the total thickness of a bumper and underlying 
armor in at leant nix times that of the solid armor and has 50* of 
the mans of the solid armor. Bumpers are not attractive for radiator 
service because they will act an radiation shields. However, in 
examining tlin shields several interesting things were brought to 
light which were instrumental in arriving at the chevron armor design. 

OehringJ in Kinslow-s book} states for thin shields "the d.- c - 
mechanisms to be considered are the breakup and dispersion of the 
projectile and shield debris at high velocities and the gross defor- 
mation, tensile failure, and spallation of the rear sheet." 

"Upon striking a thin sheet, a particle or projectile may 
undergo a variety of processes depending upon impact conditions 
ouch as the particle velocity, the particle material and composition, 
the angle of impact, the material strength, and the thickness cf the 
thin sheet. (A thin ,heet as used herein will be defined as a 
sheet whose thickness is equal to orless than the diameter of the 
projectile). The particle may be stopped by the sheet, may pass 
through the sheet essentially undamaged, or s»y pass through the 
sheet fractured, molten, or vaporized. The last two cases are the 
cause of interest for meteoroid impacts as the velocities are 
sufficiently high to cause melting or vaporization." 
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"If the thin sheet is penetrated, the debris from the projectile 
and the shield then travel across the space between the sheets 
and strike a second sheet. Upon striking the second sheet a shock 
wav. is generated within, and traverses, the second sheet. Depending 
upon the intensity and the structure of this shock an internal fracture 
or spall nay fora, resulting in sene cases in complete detaohnent of 
some material from the surface of the sheet.'* 

"In addition the second sheet will be given an impulsive load 
by the impact of the particle-shielo debris. This load is applied 
over a very short period of time (a few microseconds) and results 
in a second sheet moving with some velocity. The sheet can then fail 
from this load by tensile failure or shear failure." 

"The whole process of fracture of a projectile end a thin shield 
can be interpreted as a multiple spalling phenomenon that starts 
at the free ,-urfaces. Hence, the significance of a shield is that 
it can fragment the projectile, spread the fragments radially and 
significantly re luce the velocity of many of the fragments below the 
velocity of the original projectile," 

Summarising, the following can be said about thin shield protecting 
backup plates. 

1. For a shield to be effective, it must break up the particle into 
small pieces or cause melting to insure that no significant 
penetration of the second sheet will occur. 

2. As the shield thickness is increased, the debris is spread out more. 

3. The thickness of the backup shield to prevent failure is proportional 
to the mass of the projectile for high projectile velocity 

which assures that the projectile is sufficiently broken up and/or 
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vaporized. 

4. The thickness of the backup shield to prevent failure is 
proportional to the projectile diameter for low velocity impacts, 

5. The lower the melting temperature of the shield material, the 

lower the velocity of the meteoroid required ti cause complete 
fragmentation of the particle and vaporization of the shield 
material. ( 6 km/sec for aluminum) 

6. Based on thin shields and backup targets, the thickness of a 
shield to prevent fracture of the back plate for aluminum particles 
at 30° km/sec is: 



= Backup target thickness = era 

Mp = Mass of projectile - gram 

S = Shield to target spacing - cm 

t = Thickness of shield - cm 
s 

D = Particle diameter - cm 
This equation is valid for: 

S i 8D and 

0.1 £ t /D .£ 1 

s 

To use this equation with projectiles of materials other than aluminum, 
the t^/D ratio must be computed on an equivalent mass of aluminum 
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1/3 


panicle, i.e. D 


D 

P 


~Le , 

4 . 


/• lh <; ^ / U ratio :ihoulci bo as large an possible, 

8. The inter-sheet spacing should be an large as possible, 

9. The shield thickness scales with the projectile diameter. 

10. The thickness of a single sheet armor scales with the projectile 
diameter. 

11. All things taken into consideration, two sheets are better than one 
on an equal mass basis because any high velocity impact upon a shield 
results in the spread of the projectile - shield debris, the loss 

of energy arid at most a slight increase in momentum per unit area 
are less. 

12. Experiments with aluminum - aluminum and cadmium - cadmium impacts, 
supported the theoretical conclusion that two sheets provide more 


protection than a greater number sheets. These tests were at 
7.4 km/sec for the aluminum and 6.4 km/sec for the cadmium. 

13. Experimental results for an aluminum — aluminum system showed that 
if the back up shield could survive an impact of 10 km/sec, which 
causes the shield-projectile debris to be molten and/or vaporized, 
the same size shields could resist failure for all low velocity 
impacts. For aluminum below 7 km/sec the debris still contains 
fragments which inflict severe damage on the second sheet. In fact, 
the damage at 2.5 km/sec is the same as at 20 km/sec. 


However, since the average velocity of meteoroids is 20 km/sec 

the low velocity Impact damage will not be critical. 

14. The above statements about thin shields are for impacts which arc 

normal to the shield. This is not the ease with meteoroids. They 

will hit at all angles. The tests which have been carried out with 
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aluminum - aluminum impacts and cadmium - aluminum impacts 
show that as the angle from the normal is increased the particle- 
debris becomes more fragmentary and less molten or vaporized thus 
having the tendency to increase the damage inflicted on the rear 
sheet. However, the conclusion is that if a two-sheet structure 
can resist a low-velocity normal impact it can resist the fragment 
damage due to an oblique impact. 

The significance of oblique impacts is in the fact that the 
shield debris comes off normal to the shield, while the particle 
debris appears to be spread in the angle between the direction of 
initial flight and t'.ie normal of the shield. It is this concentration 
of the particle debris that inflicts fragment damage to the second 
sheet. However, the important thing is that the integrated center 
of the debris emanating fror the back side of the shield has 
experienced a shift in the direction of motion towards the normal 
to the shield. It is this change in direction which may be the key 
to low density chevron armor. 

15. The optimum shield thickness to projectile diameter ratio is 

t g /D - 0.15 and the total thickness of the shield and back up plate 
divided by the particle diameter is between 1 and 1.5. i. e . 

1< (t g + t J( )/D < 1.5 

These are the optimum values to prevent failure for high velocity 
oblique impact and low velocity normal impact. 

16. For aluminum - aluminum impacts at 7.4 km/sec with a 5.08 cm 
spacing the following equation hold for non-optimum shields. 
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Eq. i.5 


n. The depth of penetration of *1... spheres int0 aluainum tube3i 
where the tube wall ,as held oonatant at 4.75 ti.es the disaster 
of the projectile, decreased a. the tube dia«t,r decreased. The 
decre... i„ penetration a, coapared to that of an infinite dialer 
tub. (flat platel .as 21.5% f„ r . 2 » ID, 32.7% for a 0.5- OD. 
and 41. 7*. for a 0.125" id. 

a> can be seen fro. the above su-u.^ the » ut 0 f tnfomation 

directly applicable to the protection of the SEP radiator is li.it.d, 

thus any conclusion, which are drawn should be further ea„i„.d by 

. .or. coaprehenaive rev,.. „f the literature, dt.cu.sion with 

current workers in the field atui «peri.e„tal verification of the 
design. 

Having sumari2ed the pertinent .ork in the fi.id of thin shield 
protection, that can be said for protection of the SEP radiator? 

First, a. aentioned earlier, the concept of the b«p. r can not be 
..ployed due to the radiation shielding effect. However, the use 
of oultiple thin shields in a configuration shown in Section 2 to 
have a high intrinsic eais.ivity. My have so« aerit. for ease of 
analysis the shield was a.su«d to be protecting a flat pl.t, rather 
than a tube and is seen in Fl ,ur. t.t. It „ hard to say whether or not 
protecting a flat surface will be .ess passive than a curved surface 
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As seen in 17 above, the smaller diameter tubes showed considerably 
less vulnerability than a flat plate. However, in order to contour 
the armor to a heat pipe additional mass may be required. It may 
also be possible to construct a heat pipe with one surface flat, such 
as a "D» shape, thus allowing for the use of the shield design, as 
shown in Figure 1 . 1 . 

The idea behind the armor design of Figure la is that in all 
probability most meteoroids will not be normal to the surface. Thus, 
the impact will be oblique to the outer portion of the shield and 
according to item 14 above, the debris should start to align itself 
into a path which is normal to the shield i.e. it will be parallel to 
the plate that the shield is protecting. Likewise, the offset in the 
shield will protect the underlying heat pipe from normal impacts and 
if the impact is such that debris gets close to the heat pipe wall, the 
portion of the shield which is perpendicular to the heat pipe should 
change its direction of flight to be parallel to the heat pipe wall. 

An initial analysis of thin type of armor was carried out under 
JPL Contract 955100. This analysis was similar to that one in 
Section 1.3.1 where the mass of the armor was assumed to be equal to 
the apparent density of the armor to the one half power. There the 
apparent density is equal to the mass of the armor divided by the 

total of the volume of the fins plus the volume of the space between 
the fins. 

This analysis is not valid since the density of this volume 
will not be homogeneous to an incoming meteoroid. Accordingly, the 
following analysis utilizes the thin shield approach summarized above. 
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From Table 1.5, the solid amor thickness for 316 SS Has shown 
to be 0.27 cm with a mass of 2.26 kg. Therefore, this is obvioosiy 
the upper limit for my low mass amor design. Accordingly, a 
50* mass reduction ,.s chosen as the target. Thus, the mass of 
the armor should not exceed 1.13 kg. 

in order to evaluate the effectiveness of the amor certain 
assumptions must be made, first of all, if a 3 -section shield is 
used, then the last third must exhibit a black body cavity effect as 
discussed in Section 2 . for an emissivity of 0.9 to be achieved for 
a surface emisaivity of 0.7, the minimum depth to width ratio is 
211 . (See Figure 2 . 1 ). However, the physical dimension, of the fins 
preclude the us. of Equation 1.4 as they do not fall within the 

contracts of the equation. Accordingly, the critical mass can not be 
calculated for chevron amor. 

Thus, the conclusion is that since the shield to shield spacing 
is small with respect to the shield thickness (See number 8 move) 
it is impossible without additional theoretical and experimental work 
to determine the effectiveness of chevron type amor. However, its 
potential is high as seen by the comments of James Rand of the 
Southwest Research Institue in his letter of August 2 , 1979, following. 
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V 


SOUTHWEST RESEARCH INSTITUTE 

• "" Toma. 


Department of Ballistics 
and Explosives Sciences 
August 2, 1979 


Mr. Donald M. Ernst 
Thermacore, Inc. 

P. 0. Box 135 

Leola, Pennsylvania 17540 

Dear Mr. Ernst: 

. 11118 18 ln res P° n8e to y°«r letter of June 12 to Alex Wenzel 

™ wL C ° nVe !: 8ati0 ^ 0f July 31 P ftttainin 8 to your proposed heat 
i? 8 ? 8tenu “teoroid protection system which you propose 

trade^ff^IT ?“ de ! inite P romise - However, before a rational 

C “ b * perfo ™ ed on the advantages of the chevron armor 
r the solid armor, research will be necessary to establish the 
assumptions Inherent in the design. 

at velocities “f C ? r° rk ha8 b8en d ° M ° n the P enet ration of thin plates 
at velocities of interest to the ballistics industry, only limited 

th^m^LS ^ he . h yP erveloc i5y regime which is necessary to simulate 

2 « tJ r0nnent * , The advanta 8® of the chevron armor design 

is dependent on the assumption that the debris and ejecta will occur^ 

obH^f^V 0 fin * Unfortunate ly. this is only a qualitative 
observation since data exist which indicate that the projectile will 

is e Wr J n ltS °!j 8i ? al fllght Path While the s P a11 or debria cloud 
is ejected perpendicular to the target. An experimental program will 

oroSrM 8 ^ 1 ^ 0 defiae the lini t8 of this mode of failure. A subsequent 

would^hen ° f Partlc * ar daaig * 

staff^Lh°^ h r:;L R r? ar , Chla f titUte haa a highly co “P atant professional 
u experience in defining certain meteoroid impact effects for 
NASA. However, an estimate of the cost of a program in this area will 

ThoM 1 ^® dap ^f ant . on tha nature “d scope of the work to be performed. 
I hope that you will plan to visit us when the time comes to prepare a 
formal proposal for this work. prepare a 

^/? aln : 1 W ° uld llke t0 encoura 8 e you to pursue this concept. The 
criticism that you will undoubtedly receive regarding the inefficiency 

of spaced bumper shields is based on normal .’mpact theory. Should the 



SAN ANTONIO HOUSTON TEXAS 


AND WASHINGTON 
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Hr. Donald M. Ernst 
Thermacore, Inc. 


- 2 - 


August 2, 1979 


projectile be completely arrested by the fin and If the debris cloud 
is normal to the fin, it does in fact seem possible to divert the cloud 
to a direction parallel to the pipe. Only a well defined ballistics 
program will confirm this. 

If I can be of any further assistance, please do not hesitate to 

call. 

Sincerely yours, 

//James L . Rand 
t/staff Engineer 

JLR:jc 

cc: A. B. Wenzel 

J. S. Wilbeck 
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I * *1 Heat Pipe — Heat Pipe Armor 


One concept which grew out of the evaluation of the different 
types of armor is that of using a thin walled heat pipe to protect the 
underlying radiator heat pipe. Several possible design configurations 
are seen in Figure 2.1. These heat pipe designs could employ configuration 
pumping rather than conventional wicks. 

The radiator heat pipe must be capable of axially transferring 
all of the required power. However, the bumper heat pipe requirement 
is a radial one with only enough axial capability to even out non- 
uniformities. Thus, the bumper heat pipe will not require as much wick 
structure as the radiator heat pipe and will therefore have less mass. 

In fact, the bumper heat pipe could have a knurled inside surface 
(x's) thus providing radial and axial grooves for liquid flow paths. 


Segmented 




Figure 2.1 

Segmented Bumper Heat Pipe 
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If the liquid inventory is small then a stainless steel circular 
bumper heat pipe could have a wall thickness of 0.135 cm and have 50% 
of the mass of the solid armor of Table 5. 

Likewise, "D" shaped heat pipes with the bumper heat pipe having 
a thicker flat section, could make use of the interface effect as 
discussed in 1.2. In addition, the mass of a "D" shape is less than 
a complete circle of equal wall thickness and diameter. 

One thing which has to be considered is what happens when the 
bumper heat pipe is punctured and the radiator heat pipe remains 
intact. The remains of the bumper heat pipe will act as a radiation 
shield and reduce the radiant heat transfer by up to 50%. However, 
the radiator heat pipe will remain intact. Thus, there arises a trade- 
off in the bumper heat pipe wall thickness and the radiation shield 
factor. 

It may be possible co make the bumper heat pipe out of ten individal 
compartments. Thus, if one of the bumper heat pipes is penetrated, 
then the other nine can still dissipate the heat at a slightly higher 
overall temperature. For the CBC radiator, if the small diameter heat 
pipes evaluated in Section 3 were to be protected by large diameter 
bumper heat pipes with ten segments, the total mass of the system will 
be considerably reduced. In fact, the bumper heat pipe mass should be 
much less than that which would be required if a *'T" bar bumper 
was used. 

A complete evaluation of the bumper-heat pipe concept was not 
possible as its evolution as an idea came at the conclusion of the 
study. However, it does have enough merit to be considered along with 
the chevron fins to be studied in more detail. 
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2. HIGH EMISSIVITY SURFACES 


The mass of a space vehicle's radiator is directly proportional 
to the effective total hemispherical emittancc of the radiating surface 
Additionally, the emitting surface must be thermally stable in the 
environs of space) i.e. it must not evaporate into the vacuum of 
space nor be affected by the slow but continuous ero sion by the 
micrometeoroids of io “ 6 grams or less which will not otherwise 
damage the spacecraft. For minimum mass, the radiating surface 
should have an emissivity of 1. Thus, a minimum goal of 0.9 should 
be established for the radiating surfaces of a spacecraft radiator. 

There are several ways in which an emissivity of 0.9 can be 
achieved. They include: 

1. Use a material which has an emissivity of 0.9. 

2. Chemically treat the surface to oxidize it or produce a compound 
of the base material which has a high emissivity. 

3. Apply a coating which has a high emissivity. 

4. Geometrically produced effects. 

When one looks at each of these four possibilities, it becomes evident 
that most high emissivity materials are non-metals of poor thermal 
conductivity such as ceramics, porcelain, glass, marble, water, ice, 
and wood, and usually exhibit these properties below 200°C. 

Likewise, if a metal such as 316 SS, A-286 or Nb-1% £.r is to be 
used as the heat pipe - amor material, the chemical treatment of 
these surfaces to produce a high emissivity compound or oxide is 
possible. However, reactive layers usually have sufficient vapor 
pressure in the range of interest such that they are not stable for 
ten years. 
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The remaining concept* are coatings and geometrically produced 
effects. Coatings are seen, to be capable of producing emissivities 
of 0.9. Geometrically produced effects are shown to be a function 
of the geometry and surface emissivity with effective emissivities 
greater than 0.9 possible. 

2.1 Coatings 

Two coatings of interest have been shown to be thermally stable 
at 1000°K for 10,000 hours in a vacuum by Pratt and Whitney Company. 10 
These were caldum titanate and iron titanate on 310 SS tubing, both 
of which exhibited emissivities of 0.9, 

The extrapolation of 10,000 hours to 87,600 hours is not 
unreasonable. However, it is not known whether these coatings will 
be able to survive the ten or so thermal cycles which will be required 
for the multiple fabrication steps and ground level system check out, 
and then survive the shock and vibration of launch, plus the continuous 
erosion by the cosmic dust. 

The high emissivity of these coatings is a function of at least 
two things: the normal high emittance of the titanates and the fact 
that the coatings are granular in composition which produces a high 
emissi/ity by geometric effects as is discussed in 2.2 below. 

Coatings such as these are required if solid armor is to be 
used to protect the radiator heat pipe from meteoroids. However, 
the use of high emissivity coatings on the surface of low mass armor 
which also produces a geometric effect may provide emissivity greater 
than 0.9 which in turn will allow for further radiator mass reduction. 
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2.2 Black Body Effeot 


The artil\cal roughening of a surface is a known means of 
inoreasing its emissivity. This enhancement of eraissivity by surface 
or geometric effects has been treated quite thoroughly by Sparrow. 11 
The basis for this enhancement is the multi -reflections between surfaces 
which "see" each other, and is a function of the angular separation 
of a Vee. shaped cavity, the depth to width ratio for rectangular groove 
cavities and depth to radius ratio for cylindrical cavities. 

Additionally , the absolute value of the emissivity of the enclosing 
surfaces is important, as is the type of surface involved, which in 
turn defines the type of reflection, i.e., specular or diffuse. 

Sparrow mathematically derived the effective emissivity of 
parallel plate or rectangular groove cavities for specular and 
diffuse reflecting surfaces. Figure 2.2 shows Sparrow's results 
from which one sees that emissivity enhancement is most dramatic 
for surfaces of low specular emissivity and low depth to width ratio. 

This emissivity enhancement assumes that the enclosing surfaces 
are isothermal, of uniform eraissivity and applies only to the projected 
surface area bound by the cavity and does not include the surfaces 
of the edges forming the cavity, i.e. fin tips for chevron armor in 
Figure 1. 

Diffuse radiation denotes directional uniformity, i.e. the 
intensity of the radiation leaving a diffusely emitting and diffusely 
reflecting surface is uniform in all angular directions. Likewise, 
radiation arriving with uniform intensity at a surface is diffusely 
distributed. In other words, regardless of whether the incident 
radiation arrives as a beam directed along the surface normal, or as 
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Depth/Width 


Figure 1.2 

'ective Emi.ssivHy of Diffuse and Speeui 
Reflecting Rectangular Groove Cavities 





a beam grazing the surface, nr is uniformly distributed over the 
hemisphere, the radiation reflected from a diffuse surface is always 
of uniform intensity. 

Specular cr mirrorlike reflection maintains directional dependence, 
and a beam of radiation contained in a solid angle inclined at some 
angle to the normal of the surface will be reflected in the same solid 
angle on the opposite side of the normal at the same inclination. 

Although a black body is a diffuse emmitter of energy it is 
obvious from Figure 2 that the surfaces of a rectangular cavity can 
not be diffuse reflectors in order to achieve a high emissivity 
which is desired. 

There is no known material which is a perfectly diffuse reflector. 
However, it is interesting to note that the nonmetallic materials 
which have a high emissivity such as Al^, paper, wood, glass, and 
ice, also have a uniform eraittance for inclination angles between 0 
and 60° before falling off to zero. 

Conversely the emittance of the metals typically shows a very 
high degree of directional dependence with a peak around 80°. Thus 
one concludes that metallic surfaces will behave more like a specular 
reflector and that nonmetallic surfaces will be more closely described 
as diffuse reflectors. 

2.2.1 Powder M etallurgy Ma terial 

In an attempt to understand the properties of powder metallurgy 
material, Thermacoro utilized some of its IH i! D funds to construct a 
potassium heat pipe which had an annulus of sintered nickel powder 
around a portion of its condenser. This powder had eight holes in 
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it. Four ware 1 . in diameter. four were 6 - i„ diameter. E . ch 
set of holes hod depth to diameter ratios of 3:1 . 6:l , 7 . 5:l ^ lQn 

The results of the experiment were quite inconclusive with re.pect 
to measuring the effective emissivity of the material since it was 
observed that the thermal conductivity of the SO* nickel powder was 
so poor that the matrix could not be kept at a uniform temperature 
even with the application of radiation shields. 

Qualitatively the following can be said of the experiment. 

1. The smaller diameter holes appeared to have a lower effective 
emissivlty then the larger holes. 

2. The larger the depth to diameter ratio the higher the effective 
eraissivity. 

From 1. it can be concluded that there i, . relationship between 
the diameter of the cavity and the roughness of the cavity ..Us which 
■ffcots the effective emissivity of the cavity. (,„ the experiment, 
the cavity walls were both of identical material. ,0* porous nickel,. 

Quantitatively it was concluded that the effective emissivity of 

the 50% nickel fell between 0.4 to 0 7 Thio • 

cen u.4 to 0.7. This is not at all unexpected, 

for if one looks at the actual emitting surface of the 50% dense 
material on. sees that the surface is .0% nickel and 20% voids. Thus 
oven if the 20* voids have an emissivity of 1. and the ,0* n.ckel has 

an emissivity of 0 . 5 (oxidised nick.,,, and tot., effective emissivity 
of the surface would then be 0.6. 

It can be concluded that for powder metallurgy to be used to 
achieve an emissivity of 0.9 or greater, the following is required. 

The density will have to be less than so-, so ,h. projected surface 
urea of the cavities is increased, and the rn.tcr.al which makes op -he 
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powder metallurgy should have a high emissivity to begin with. 


Fins 

The evaluation of fina such as the chevron design of Figure 1.1 
is considerably more straight forward. Based on the results of 2.2.1, 
a conservative approach is to assume that the surfaces of the fins do 
not have any roughness factor by which to enhance the surface 
emissivity. Also, based on the apparent high specular nature of 
metals, the surfaces will be assumed to be specular reflecting. 

From Figure 2.1, it is seen that a depth/width ratio of 10:1 
produces an effective emissivity of 0.9 for a material with a specular 
emissivity as low as 0.3. If the fins have an emissivity of 0.5 a 
ratio of only 4:1 is required to achieve 0.9. 

If one assumes the use of iron titanate on the fin with an 
emissivity of 0.9, then at a ratio of 2:1 the effective emissivity 
will be in excess of 0.98. However, this may be risky based on the 
results of the powder metallurgy tests. 

One thing that must be considered is what the total emissivity 
of the final structure is. If the fins represent 25* of the surface 
area the cavity represents 75* and the following equation can be 
written for the effective emissivity: 

Ceff - Am •» C c (A - Am) 

A 

€eff = Total effective emissivity of the radiator surface 
€a = Emissivity of the edges of the fins 
Cc a Effective emissivity of the cavity 
Am » Area of the edges of the fin 

A = Total area <*f radiator 
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Thus if we have 25% fin area and €eff = 0.9 then 


°* 6 <€m<0.9 while l>£c > 0.9 

Therefore, a high eiaissivity fin material is required to increase 
the effective emissivity of the cavity as well as the edges of the 
fins. 

Additionally, if the AT through the fin is taken into consideration 
it is seen that short stubby fins will perform thermally the best, but 
may not provide the required amount of meteoroid protection. 

It is concluded that fins can produce a total surface emissivity 
in excess of 0.9. To achieve these high emissivities the surface 
area of the fin tips should be as low as possible and the surface 
emissivity as high as possible. 

Additionally, it is seen that there will be a delicate balance 
in the protection afforded by the fins, a c hevron armor, the At in 
the fins and the associated mass increase and the effective emissivity 
of the radiating surface. Additional work is necessary to fully 
evaluate the total effectiveness of c hevron fins to produce an effective 
low mass armor with a total effective emissivity in excess of 0.9. 
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3 . HEAT PIPE DESIGN FOR CBC RADIATOR 


The 400 kW^ Closed Brayton Cycle power system for the Nuclear 
Electric Propulstion Spacecraft has been designed by Garrett AirResearch 12 
to use heat pipes to achieve a thermally effective radiator which has a 
high survival probability. It is also anticipated that the heat pipe 
design will lead to a low specific mass. The heat pipe design evaluated 
in this work is for use in a cylindrical array as seen in Figure 3.1. 

This design has eight dual gas-to-radiator heat pipe heat exchangers fed 
from a dual central duct. The heat pipes are attached to both gas ducts 
over a length of 43 cm on each duct. Thus, the heat pipes provide armor 
protection for the gas ducts. 

In normal operation, the total 86 cm length attachment over the 
heat pipes to the gas ducts will be used as heat pipe evapontors. The 
condenser is 176 cm long. If either gas duct or engine should fail, 
then the whole power load will be transferred to the heat pipes through 
only one of the 43 cm attachments. Accordingly, for design consider- 
ations, the heat pipe must be sized as though it had a 43 cm evaporator, 

43 cm adiabatic and 176 cm condenser. 

Four different sets of heat pipe designs were analyzed with 
respect to mass and performance. However, no consideration was given 
to the required heat pipe armor and tradeoffs in the heat pipe diameter 
versus T-bar fins for total mass. The overall heat pipe cell dimension 
as designed by Garrett is 3.17S cm {1.25") and includes heat pipe and 
fins. All heat pipes discussed in the Sections 3.1 and 3.2 have 
computer printouts of their performance tabulated in Appendix 1. 
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FIGURE 3.1 



DC RADIATOR CONFIGURATION 


3.1 Baseline Design 

0 

The total power to be dissipated is 1.1 x 10 watts. From the 
gas side of the radiator heat exchanger, heat pipe temperatures were 
calculated by Garrett AiResearch to range from 707°K down to 492°K. 
The power levels are 720 watts per heat pipe at 707°K and 169 watts 
per heat pipe at 492°K. Thus, £Ta£ can be computed to be 2882 x 10~ 
watts/°K 4 from: 

P » 0"A€T 4 Eq, 3.1 


where 

P a Power radiated - watts 

(X » Stefan Boltzman Constant = 5.67 x 10 

o 


-12 watts 

2 o 4 
cm - K 


T a Heat pipe temperature - K 

2 

A a individual heat pipe radiating area - cm 
€ a Effective thermal emissivity 


Table 3.1 shows the required heat pipe power for each of the end 
temperatures and each temperature divisible by 25°K. 

Garrett AiResearch' s baseline design is a 2.54 cm (1") O.D. heat 
pipe with a 0.0762 cm {.03") wall. The initial heat pipe designs under 
these conditions are seen in Table 3.2. Rubidium is the preferred heat 
pipe fluid from 707°K down to 650°K. Below 650°K Dowtherm A (DTA) 
is the preferred fluid. In both cases, a screen covered groove design 
is found to be the lowest mass system of those investigated. The 
rubidium heat pipes have a 1.75 kg mass. The DTA heat pipes have a 
1.74 kg mass. 
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TABLE 3.1 


Req. 

Temperature Power 



Hi 

Watts 

707 

434 

720 

700 

427 

6 92 

675 

402 

598 

650 

377 

514 

625 

352 

440 


• 327 

373 

575 

302 

315 

550 

277 

264 

525 

252 

219 I 

500 

227 

iao 1 

i 

492 

219 

169 • 


REQUIRED POWER PER HEAT PIPE AT ELEVEN 
DIFFERENT TEMPERATURES 
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Table 3.3 shows the aame heat pipes, which have been, for the most 
part, optimized with respect to the number of grooves and their aspect 

ratio. The rubidium heat pipes have a 1.48 kg mass. The DTA heat pipes 
have a 1.55 kg mass. 

The average mass reduction is 14%. Further groove optimization 
may result in an additional 1 or 2% mass reduction. However, far 

greater mass reduction can be realized by O.D. and/or wall thickness 
reduction. 

Table 3.4 shows the 2.54 cm <1") heat pipe with a 0.025 cm { .01") 
wall. This wall thickness is 0.01 times the diameter and has been 
shown 13 to be acceptable for use as a heat pipe containment vessel where 
external buckling is the ultimate constraint, i.e., the internal 

pressure of the heat pipe was less than 14.7 psi, thus long term creep 
due to hoop stress was low. 

The use of a wall thickness 0.01 times the diameter was developed 

for niobium, which has a modulus of elasticity of 15 x 10 6 psi. This 

includes a safety factor of 2. Stainless steels have moduli of about 
0 

28 x 10 psi which reduces the thickness /diameter ratio of about 0.008 
with a safety factor of 2. However, the use of 0.01 as a thickness to 
diameter ratio will be used to assure success. 

Examination of DTA at 625°K shows a fluid pressure of 85 psi 
which develops a hoop stress of 4250 psi. This stress is acceptable, 

since 316 SS will only creep 0.1% in 10 5 hours at 1100°F under a stress 
of 6000 psi. 

The rubidium heat pipes have a mass of 0.69 kg and the DTA heat 
pipes have a mass of 0.78kg. 
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Design Optimization 

Examination of Tabi.a 3.2, 3.3 and 3.4 rovoala that a reduction 
in diameter of the rubidium heat pipes would soon result in the heat 
pipe becoming limited by sonic shock wave development in the vapor. 
However, the DTA pipes are capillary limited, thus a reduction in O.D 
is possible. Accordingly, a higher pressure fluid, mercury, was used 

in small diameter pipes in place of rubidium. These results are 
seen in Table 3.5. 


The mercury heat pipes me 0.635 cm (.250") in diameter with a 
wall to diameter ratio of O.Oi. The mass of the mercury heat pipes 
are 0.45 kg and have a hoop stress of 625 psi at 707°K. 

The OTA heat pipes are 0.9525 cm (.37") in diameter with a wall 
to diameter ratio of 0:01. They have 12 grooves 0.275 cm wide by a 
depth that varies from 0.075 cm down to 0.05 cm. Accordingly, their 
mass varies from 0.31 kg down to 0.27 kg. The DTA heat pipes at 
625 K will have a hoop stress of 1600 psi. 

The mercury heat pipes of Table 3.5 have eight grooves 0.2 cm 
wide by 0.02 cm deep. Optimizing the number of 0.275 cm wide by .02 cm 
deep grooves for different power levels results in a reduction in 
mass. At 707°K, a five-groove heat pipe has a mass of 0.29 kg. At 
675°K, four grooves have a mass of 0.28 kg and at 550°K, three grooves 
have a mass of 0.27 kg. These results are seen in Table 3.6. Also 
shown in Table 3.6 is the thermal performance of two of the mercury 
heat pipes with 86 cm evaporators, which shows an increase in maximum 
power capability and a reduction in total At. 

Both the DTA heat pipes of Table 3.5 and the mercury heat pipes 
of Table 3.6 have a performance At. Accordingly, it is important 
to assess the effect of this temperature loss in terms of increased 
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mass (length of condenser) to be able to radiate the required power. 
Appendix 2 develops Equation 3.2 which is the increase in mass of 
heat pipe due to its At. 


dm = in 



(T q /T) 4 



Eq. 3.2 


Where 

dm -~i Increase in mass 
m » Initial mass of heat pipe 
l c = Length of heat pipe condenser 
1^ = Total length of heat pipes 
T q = Desired operating temperature 
T = Actual operating temperature 
T q -T = A T down heat pipe 


From Table 3.5 and 3.6, using the lowest mass heat pipes, the 
increase in mass was calculated using Equation 3.2 and is tabulated 
in Table 3.7. Therefore, to a first approximation, one can say that 
the heat pipes for the CBC radiator will have a mass of 0.3 kg each. 

The performance of the mercury heat pipes is based on perfect wet- 
ting, that is, the wetting angle is zero (0). for long term stability, 
this may not be the case. Wetting angles from 0—60 degrees have been 
observed, with 30-60 degree angles the most common. Since the capillary 
force is a function of the cosine of the wetting angle, the mercury 
heat pipes may have a reduction of capillary force of up to 50?b 
(cos 60 = .5). This reduction in performance will then require a 
reoptimization of the heac pipes with a small increase in mass. 
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Development work nay be required to establish a reproducible wetting 
angle for mercury in heat pipe service. 

3.3 Advanced Heat Pipe Concept 

The grooved heat pipe designs of Sections 3.1 and 3.2 were 
optinized to an approximate mass of 0.3 kg per heat pipe, exclusive 
of fins and armor. This mass is quite low and may be acceptable in 
the overall system. However, there are several heat pipe design 
concepts which may offer further reduced mass with increased performance. 
These include but are not limited to arterial wick heat pipes and 
configuration pumped heat pipes. These wick structures were not 
availalie in Thermacore's computer library and were, therefore, 
not included in the analysis. 

3.3.1 Artery/Wick Heat Pipes 

There is a natural division in heat pipe fluids which takes place 
at approximately 600°K. Above 600°K, the liquid metals are useful 
working fluids. Below 600°K, one generally deals with non-metallic 
fluids and devises structures which compensate for their inferior 
physical properties. The low temperature fluids, taken as a class, 
have relatively low latent heats of vaporization, low surface tension, 
and low thermal conductivity. The consequences are that for a given 
heat transfer rate, heat pipes using these fluids must move relatively 
large quantities of liquid with unusually low pressure losses, yet 
must maintain very thin liquid films in the heat flow path. The 
arterial wick structures of Figure 3.2 have been used to offset these 
property limitations. The artery provides the primary liquid return 
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to the evaporator. This passage has a large hydraulic radius and 
provides a very low drag path. In the evaporator and condenser, a thin 
film of liquid is distributed circumferentially. The distribution 
wick is often a thin layer of screen or circumferential grooves. 

The artery is removed from the evaporator and condenser heat 
flow paths. The thin films provided by the circumferential wick prevent 
the development of excessive temperature gradients. Arterial wicks 
provide very high performance, sometimes even approaching that obtain- 
able with liquid metals in more conventional wicks. Lengths in 
excess of ten meters have been reported. The primary limitations of 
arterial wicks lie in their difficulty of fabrication and their con- 
sequent lack of reprrducible performance. The wick structures are 
quite difficult to form and to insert into the heat pipe vessel so 
as to maintain uniform close fit to the wall. There has been repeated 
difficulty with the priming of arteries, that is, the ability to fill 
an artery with fluid and keep it filled. 

Two methods of priming are in use. Capillary priming, as the 
name implies, depends on capillary forces to maintain the fluid 
within the artery. The basic condition for capillary priming is that 
the largest single pore at the artery surface in the evaporator must 
provide sufficient capillary pressure to offset all counter forces 
including accelerations. Consequently, the evaporator ends of the 
arteries must be closed and there must be no single inadvertently large 
pore on the entire periphery of the enclosing surface. Due to the 
adverse effect of accelerations, capillary primed arteries can be 
more fractious during ground testing than in subsequent zero g 
operation. Yet ground testing is essential to establish the operability 
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of the heat pipe. 

If the artery is so Xocated in the heat pipe temperature gradient 
that it always is the coldest spot, it will operate at a lower vapor 
pressure than the balance of the heat pipe, if the magnitude of the 
vapor pressure difference is sufficient, it will cause priming to 
take place. This is known as vapor pressure or Clapeyron priming. 

The process is highly temperature dependent. The pressure difference 
caused by a given temperature difference varies enormously with 
temperature. Thus, a heat pipe which primes reliably and quickly 
at high temperature (i.e. high pressure) may fail to prime at all 
at low temperature, it has also been reported that vibration has 

caused arteries to lose their prime and that subsequent re-priming 
can be unreliable. 

In .pit. of their apparent drawbacks, the performance of arterial 
heat pipes is sufficiently high to justify further work to improve 
their reliability and reproducibility, In general, arterial wicks 
require less total mass of wicking material, and may also require less 
fluid inventory than conventional heat pipes. They are, therefore, 
serious candidates for use in space radiators. 


3 . 3.2 Wickless ( Configuration Pumped) Heat Pipes 

A crevice has capillary properties. Therefore, if the wall of 
a non-round heat pipe is formed so as to produce longitudinal crevices 
these may serve the purpose of wicks. That is, the configuration of 
the wall provides the capillary pumping force. Several potential 
configuration pumped heat pipe geometries are shown in Figure 3.3. 
Configurate <> 1 pumped heat pipes have been built (Figure 3.4) and have 
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been shown to operate. However, there has been very little work in 
the field, and the mathematical prediction of performance is incomplete. 

The driving pressure difference which causes liquid flow in a 
heat pipe is determined by the surface tension and the difference in 
the radius of the liquid meniscus in the condenser and evaporator. 
Evaporation in the heat input section tends to depress the liquid 
level while condensation at the heat output end tends to increase 
the level. Thus, during operation, the liquid level in the evaporator 
of a configuration pumped heat pipe recedes into the crevice, increasing 
the pumping pressure but decreasing the flow area. The inverse occurs 
in the condenser. This makes for a delicate tradeoff of liquid 
fill versus power handling capability. The problem is somewhat 
alleviated in the configuration/artery geometry of Figure 3.3d and 3.3f. 

Configuration pumped heal: pipes tend by their nature to have 
relatively low capillary pumping forces and low liquid drag. They 
therefore lend themselves well to consideration as elements in low 
temperature space radiators where large radiating areas require long 
heat pipes. The liquid inventory requirementof configuration pumped 
heat pipes appears to be comparable to that of the arterial structures 
discussed previously. The complete absence of conventional wicks 
is a substantial mass reduction. However, the non-round shapes are 
relatively poor pressure vessels so that the gain in mass due to 
elimination of the wick may be at least partially offset by a thicker 
wall requirement unless fluid vapor pressures are kept relatively low. 
Thus the operating temperature range for a configuration pumped heat pipe 
of low mass may be narrower than that for other geometries. 

The ability of configuration pumped heat pipes to hold their 
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shape is a function of the creep strength of the heat pipe envelope. 

12 

Therroacore previously identified the iron alloy, A-286, which 
exhibits an exceptionally high creep strength, and may well serve 
as a containment for configuration pumped heat pipes. (A-286 has 
a 0.1% creep at 1100 F in 10 hours under a 38,000 psi stress load). 

3.3.3 Hybrid Wick/Pumped Heat Pipes 

Since the dissipating capacity of a space radiator declines as the 
fourth power of any temperature loss, there is a strong incentive to 
minimize losses. One of the principal advantages of the heat pips 
is the low temperature loss it incurs while moving large amounts of 
heat. This low /_T operation is characteristic of vapor heat transfer. 
There may, therefore, be reason to make use of vapor heat transfer 
even at power levels which cannot be sustained by capillary pumping 
alone. Alternative or hybrid pumping means are possible and deserve 
consideration. This may be true not only for the radiators them- 
selves, but also for the primary loops feeding them. A practical 
hybrid system may use an alternative pumping means for liquid transport 
over appreciable distances with capillary pumping for local distri- 
bution and collection. 

The heat transfer capability of a conventional heat pipe can be 
limited by entrainment of liquid from the walls by the high velocity, 
counterflowing vapor. Separation of the liquid and vapor passages 
will permit greater heat flow under these conditions. Figure 3.5 
is a hybrid system where the liquid and vapor flow are in the same 
direction. Therefore, the vapor 3hear forces may aid rather than 
inhibit liquid flow. 
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Hybrid heat pipes are directly anala S ous to two-pipe steam 
heating systems for buildings which use condensate pumps for liquid 
return. The principle has been extended to liquid metals by Philips 
Laboratories for use in Stirling engines. 

The main disadvantages of the hybrid system are the increased 

probability of a leak at pump seals and joints and the dependence of 

operation on an external power source. For maximum redundancy, there 

should be a pump for each heat pipe, a serious penalty in complexity 

for a space radiator, making the approach seem more applicable to 
primary loops. 

It may be possible to make use of the "heat of the radiator" to 
pump the liquid, much the same way that a capillary pump makes us. 
of the "heat of the radiator." 

Thermacore has recently begun the exploration of a "liquid piston 
pump" as part of its internal R £ D effort. This pump uses a localized 
high heat flux, into the fluid, to develop a vapor bubble of sufficient 
pressure to push the liquid fon,ard. Backward flow is prevented by 
the use of a check valve, a forward spring loaded valve permits 
regulation of the pressure at which the pump is activated. 

Initial work to date has concentrated on gravity feed liquid 
systems with encouraging results. The extension of this concept to 
two phase systems with freedom from gravity will p „ S e challenging 
work but may be worth a cursory investigation. 

3.3.4 Other Concepts 

There arc numerous concepts which have been suggested as possible 
fluid pumping mechanisms for heat pipes and includes electro-magnetic, 
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electrolytic, electrohydrodynamie and electrophoretic pumping. All of 
these are not suited for individual spacecraft radiator heat pipes. 
However, osmotic pumped heat pipes and artificial gravity are two 
possible mechanisms which are suited for spacecraft use. 

If a spinning spacecraft can be so arranged that its centrifugal 
force will aid liquid return in heat pipes, it may be possible to 
eliminate pumping and depend entirely or predominantly on artificial 
gravity for this function. The result may be mass reduction (by wick 
elimination and, possibly, reduced fluid inventory) and an added degree 
of freedom in fluid selection (fluid need not have high surface tension). 

Osmotic pressures can exceed capillary pressures by a factor of 
100 to 1,000. An osmctically pumped heat pipe is feasible in principle. 
Several designs have been proposed, but only one hardware program has 
been reported. The proposed designs all make use of gravity in one 
way or another: to keep liquid in place, to redistribute salt by 

natural convection, etc. It may be possible to devise a geometry which 
will function in gravity- free space. If so, osmotic heat pipes may 
avoid entirely the capillary limitations on available pumping pressure. 

Flow rates through semi-permeable membranes are low; i.e., 
large areas are required to permit useful heat flow. There is, how- 
ever, an interesting factor which may favor further consideration for 
low temperature space radiators. These radiators also require large 
areas becuast of the low radiant power densities. The osmotic 
process is such that the membrane must be located at the condenser 
(heat dissipating) end of the system, which is the radiating surface 
of a radiator. At temperatures below about 900°K, the power density 
from a black body radiator is less than the power density sustainable 
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by flow of the beat fluids 
below thia temperature the 
in more than .sufficient to 
radiator of equal area, and 


(e.g. water) through membrane:;. That is, 
unit liquid flow rate through a membrane 
support the unit radiant heat; load from a 
n bttsic condition of successful operation 


has been satisfied. 


The geometries considered to date are relatively massive, having 
two walls and a large liquid inventory. Membranes do not exist for 
operation above about 400°K. However, since an osmotic heat pipe 
would need no auxiliary power (comparable to a capillary heat pipe), 
it deserves further consideration . 
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<0 1DUT BCOOXTSttB A? 


168 urn 


torn DBTA-T ■ 
tom MASS * 


1.73 DB C 
1.74* B 


TAM JMBTOUmci J1UU3 (T 01 I) ft 


PX 

402617 

»**A 
417 yic? 

fA-0 

402*62 

fC 

402432 

TX 

217.618 

ti-a 

217.61ft 

TAHS 

217.612 

tc 

217.608 

XTAf TXMf 
218 

COM TXMf 

217.271 

0X1IA-T 

1.72806 


SPC* 7261 

. DIO* 0 

SK*mm 7261 

snst/aa 

DfTX 

2* 

DfTQ 

28 

DfLB . 
1S1 

ofica 

618 

BfTA 
• 21 

DfU8 

868 


»<*« mim 

Q/A*S> 


X 1 1ST* 

2 


10070 17120 


ITAf 

0 


x a in# 
328 


COMO 

0 

ixo ixr# 
42 


AXIAL 

33 

0 A XXT* 
328 


107 IMIS CIABX 112.097 aim 

>001 tW. TO1CM o/ I0T BOM CUBf iSS* £? 

COLS 7L0IS CIAB1 133.691 61AI2 
128.001 CM3 

XXAT flfl. (NISI) 4 2 B SCATS 1810*42 0UM2 
OBSA-Y TAAOXIt 


ITAf MALI 
.228864 

TAMt (1) 
.321061-02 

COIOSMAflOI 

•2*46871-01 


RAT 148 
.780483 

TAfOX (A) 
>2828681-02 

coxa kisi 
.6688621*01 


hat isn 

.272807 

TAfOX (01 
.2828681 *02 

cots 140 
.180864 


XTAfOUflOl 

•100088 


CMS VAU 
.066816 


KKPiif :tv ok the 
ouic!!.\A!. I’AdK id ‘P oor 


mxs/cje 
SB c 


VAR8/CK2 

C 2 XXT# 

0 


DB C 


DB C 


fOVtt Of 718 WATTS CAOSXI 

LAST 106-mifXS P0WX1 CA1CDUT10I MAX AT 


CAflUAIT HUT' Dfl > DPT 


710 WATTS 


TOTU SXLTA-T 
TOTAL HASS 


6.67 DB C 
1.744 B 




»W COKOITIOKSl 


10 * a? a.m. a/z a /70 


nou - aosisxoN 

iw TIMP * tii 
OUT AM} m 0*00 


UU UIW0U1 

TATOI DtttA-f - 60 OK C 

vn ass • o.oo oxo 


wap uun 

am man 

CMS UMTS 
total mhti 


10*9281 XI 
10*8291 II 
49.2913 II 
103.1600 XI 


43.0000 CM 

43.0000 CM 

170.0000 CM 

262.0000 CM 


O.S. 

vau nan 
moot* mots 
MOOT* HUM 
USB VIST* 


1.0000 U 
0.0700 X* 
0.1063 17 
0.0079 ri 
0.0079 X* 


2.6400 CM 
0.0702 CX 
0.2700 CM 
0.0200 CM 
0.0200 CM 


29 OtOOTSS (CLOUS* COTXUB VXS* 200 MX2I 


10 LIMIT aCOOITSUD At 


1 " TOTAL SILZi-T » 2.43 SB C 

■ TOTAL MASS • 1*494 X* 

VAIT rxUDINAIC* OXTAILS (T 0* *|'?I 


FI 

31290.9 

Pl-A 

30370.4 

PA-0 

30100.3 

PC 

30710.1 

TS 

432.901 

Tki 

431.242 

TA-fl 

430.702 

TO 

431.949 

xtaf txhp 

434 

COU TXMP 
431.07 

DSLfA-T 

2.42993 


BPO 10214 

DR- 0 

0PC+BB* 1921* 

DTI *3/ CM2 

OPTS 

«0 

OPTS 

•916 

BUS 

1190 

snos 

4900 

OPTA 

209 

SPLAS 

9330 

SOIIC LIMITS* *TAfa 

231* ABB* 

2031 MATTS 

a/A'S- 

ITlf 

2 

cccs 

0 

axial 

142 

* * LET# 
21 

* A LET# 
3101 

uo txr# 

92 

C A UZ# 
3103 

SOT ILPIP C8AB2 92.1790 aim 

TOLONI 07 I0T ILOXB CUB* 00.1094 CM3 

COLS nOIS CUBS 107.024 
70.3914 

SUMS 

CM3 


tSAt PXP*. 

IMISII * 2 BS0A7S 1970.02 SUMS 

OSLTA-T T ALOIS* 



map mall 

.04N031 

XTlP US 
.302011-02 

IT IP MB* 
•8939731-02 

ITAPQUTIOS 

•300293 

TAPOI (II 
1.01914 

TAPOI (A) 
•479730 

TAPOI (Cl 
-1.00607 


COIOBSATXQI COSO mb* 
•073307 .143941-02 

COSO LAS 
•904731-03 

COIB MALL 
•20291; 

torn of 

920 MATTS CASS S3 

— — 

LPILLA2T LIMIT 


LAST 101 -LXMITIB PQVB CALCOUTIO* MAS AT - 

' ' ■ ' 1 ' TOTAL DSLTA-f • 2.67 0*} c 

" — TOTAL MASS » 1.464 [g 


snus/ote 
sb e 


TATT3/CM2 

C * IB# 

0 


SB C 

OB C 

> OIL * OPT 
616 MATTS 


70 


■a 


an coxamoisi 


noiO * 1U1I9I0M 

*ti» tut m srr 

3BAT AMO m 0.00 


6«20 A.M. 


SAIL KATl*30A*S 
7A70I OIITA-T ■* 
W» lift « 0.00 


M MB 0 

D» 


XTAJ lawt* 
am mom 
0019 UB!I 

total uBwia 


16.8291 XI 
16.0381 U 
68.2813 If 
103.1300 IX 


43.0000 CM 
43.0000 ON 

176.0000 CM 

362.0000 CM 


*au miss 
oioo tb vian 
3 100 VI BSW 
uu Visa 
26 0100761 


*.VWWW IM 


0.0300 

0.1083 

0.0078 


U 

U 

a 


-•vwu Cl 

0.0762 CM 
0.2700 CM 
0.0200 CM 
0.0200 CM 


0.0078 IX 

(cio slot covuxb vin 200 him 


3/30/78 


R ICPROD UCIBIMTY OF THE 
ORIGINAL PAGE IS POOR 


— w 








’ total dxlta-t ■ 
total MASS • 




»AI* POJOIM1ICX 9ZKAXLS IT 01 || fj 


0.23 OB 0 

1.484 a 


n 

9828.78 

?X*A 

0489.64 

71*0 

8061.88 

TO 

9003.7 

9TUS/0M2 

TX 

370.877 

TX-A 

368.003 

TA-0 

380.460 

TC 

371.440 

919 0 

xta? tut 

377 

C0X9 TXM7 
371.17 

9XLTA-T 

8*02803 



SFO* 18138 

1 

• 

o 

BTCtSIBa 19138 

911X1/0X2 


97VX 

1428 

P7LJ9 

877 

B7TA 

97142 


97TB 

97109 

447 

0197 


*902 

3688 




M*IC LIMITS) 

XVATm 

780 ADI. 

700 WATTS 


Q/A'i* 

xta? 

1 

cou 

0 

axial 

101 

VATTS/CM2 

x x ins 

10 

x a ur* 

2381 

Lift UTf 
60 

c a ur* 

2392 . 

c x ur* 

3 


*>? TL9I9 CSA3BX 

«*• «« •» «o. iuu am « 2 : 5 £ 

0018 now CIAJB2 107.824 OIAMS 
70.3814 CM3 

“M H71. (XSSI) 4 2 BT9CA7S U». U iU *» 
IWTA-T TALOXJi 


OBAMS 

CM3 


1VA1-VA U 
•610884 

TAMS IS) 
7.01489 


xta? ua 
.206109X4)3 

U 70 I |A) 
2.40680 


coioaiATioi coax xssi 

•122278 •842339S-03 


Mil KISS 
.300060X^)2 

»A701 IC) 
*4.8890 

COIS LAB 
•3000061-03 


ITlfOUTIOi 

•300488 


cor s rail 

•131117 


07 343 UTTS OALiiS 


US? SOR-UXIHB ?0V2| CALC0LATI02 WA5 at - 


AM SORIC LIMIT 


0» C 


OB 


— TOTAL MLTA-T ■ 
TOTAL MASS « 


t>*0 WAITS 


7.13 31} C 

-•*d4 18 


71 


MX CMamoiSi 


ut 2 p.i, 


3/29/79 


urn " sovtsm a 

ITA? TXW - 302 
OUT AB m 0>00 


V*U KiSL-30«33 

7AP01 S1LTA-T a 90 gg 9 

7W US • 0.09 £2} 


ITAP tBOTl 18*9291 U 
AB1 LHOTI 10*9991 II 

cots uaon sc. 2913 a 
toui loan io3»i9oo a 


43.0000 CM 
43*0000 Cl 
170*0000 Cl 
209.0000 01 


iiuwv 1M. 


UH 


0.0300 a 0.0709 ON 

3S00TX 1X911 0*1093 a 0*9700 Cl 

oioovi await 0.0217 a o.oooo cm 

u*s visa 0.0044 a 0*0112 ci 

25 3200753 (CLOSE) I C0TSU9 Via 200 


10 till? nCOUXTXUB if . 


440 WATTS 


TO TIL MMA-T * 
TOTAL 1139 » 


9*93 SB 0 

1*549 a 


ia* pnnauici nrnu tr 01 u tt 


H 

•511001 X>07 

711 PA*C 

.5110591+07 .0110501+07 

PC 

*5110649+07 

0MB/CI2 

n 

344.501 

TH 

344*591 

u*o 

344.501- 

SC 

344.69 

9B 0 

IM 7 TOP 
302 

oon tap 

342.773 

BBfl-f 
9*22799 > 



0f»* 3294 

01*. 0 

SfQ+BIB* 3994 

0TXZ3/CI2 


OPTS 

a 

me 

7 

BPLB 

»a 

moo 

096 

BPTA 

7 

DU 

1430 


30920 saint 

IMP. 

150570 Afij. 191292 WITTS 


0/A* S* 

IUP 

1 

0099 

0 

AXIAL 

00 

7 Am/012 

b t ur# 

3 

1 A 217# 
79P 

no ur# 

991 

0 a ur# 

797 

e 1 ur# 

1 

SOT JLCIS 92AB2 12fl M 

s°o« tap. rourn o» sot iwia cumi 112I501 cio 


ools non qsabi 141.404 

132.401 

is 



na Pin. ant) a 1 asciis 1400.22 «nn 


BBU-T TIL 013 > 




XT1P 7 ALL 
.530903 

ITA? LAO 
0.13104 

ztap ua 

•040409 

STA7OJU7109 
• 100CS4 

SB 0 

TAfOl (1) 
•2441411*03 

TAP01 Ui 
.2441413*03 

71101 (0) 
.2441411*03 



COlOaiAflM 

.244007101 

cois xsa 

*100647 

0099 LB 
1*50400 

C0I9 SAIL 
•132070 

OB 0 


?0*u Of 975 7ATT8 0ACSX3 — ■ CA7ILLA1T LJIIT, 3?l » Qtf 


tA3T lOI-LDUTia W a QALOOLATIOI WAS At 


TOTAL 3BTA-T 
TOTAL KISS 


11.92 SB 0 
1.049 U 


570 MTW 


72 


m cojfDKiom 


11160 A* Mi 


3/28/79 


XLOID - dovtubm A 
*T1X IOI - 219 

jut m • 0.00 


VALL HATL-3Q4SS 

TAXOR B*LTi-T ■ 30 OS 0 

rail). 0.00 SB 


mi laon 

AS) LOOTS 
com LOOTS 
TOTAL LOOTS 


10.9291 n 
10.9291 a 
09.2913 U 
103.1000 n 


43.0000 CM 

43.0000 CM 

170.0000 CM 

202.0000 CM 


REPRODUCIBILITY op thp 
ORIGINAL PAGE IS Pour * 


0 . 0 * 

WALL trass 

a ROOT! TISTS 
0B00T1 BXlftSt 
USD V13TS 
23 OBOOTS3 


1.0000 U 2.3400 CM 

0.0300 II 0.C762 CM 

0.1033 IS 0.2700 CM 

0.0191 XI 0.0300 CM 

0.0049 IK 0.0128 CM 

(CL0S2DI COTSMD 'it ITS 200 HISS 


so limit acomtniD at — — - ice vasts 


— — TOTAL MLTA.-T. ■ 3.33 SB C 

■■ ■■ TOTAL NASS - l.OM GO 

VAST HUQ1MAS0S OXTAILS (T 01 1) TT 


PI 

?1-A 

XA-C 

xc 

STUS/CH2 

397002 

397303 

397803 

337479 


TX 

fl-A 

TA-0 

TO 

SB 0 

210.102 

210.149 

213.140 

210.143 


mx twx 

com twx 

SXLtl-T 



219 

213.443 

3*00303 



0X0- 7307 

SB- 0 

0X0+ 0X0* 7307 

9HSS/0M2 


BVTS 

SXLB 

BXTA 

9XLA9 


24 

179 

20 

1200 


SXTO 

SXE09 




29 

733 




SOHO LIMITS! 

mi* 

14043 ASX- 

10902 VATTS 


a/A’s- 

1TAX 

com 

AXIAL 

VATT3/CM2 

0 

0 

33 


1 1 in* 

1 A BXT7 

liq in* 

c i. ur* 

o i ut* 

2 

321 

30 

321 

0 


SOT SLC19 CIASI 111.339 OUMS 

ROOM TOO. T0LUM1 OX SOT ILUIS CRABS 104*709 CMS 

COLS nOIS CRABS 131.042 SIAM) 

123.841 CM3 

HAT mi* IXXSSI * 2 BtSOASS 1402.83 OlAMS 


DX1TA-T T ALOIS I 


XT AT VALL STAX L« 

.223534 2.24023 


IT AX M13R IT AXO RATIO! 

.209048 .100093 SB C 


T-XOI til 
.3280041-02 


TAXOR tAI 
>^9 29091-02 


TAI01 tC) 
.2929091-02 


CQUItt BATI01 CORS MSI COifl L49 
*2440071-01 .0009121-01 .030074 


cots VALL 

.3099923-01 SB C 


POTTS Of 039 V1TTS CASUS CAXILLA2T LIMIT. SXL * SXT 

LAST 101-LlNITIB XOVa CALCSLATIOI »AS AT 003 VATTS 

— TOTAL SCLTA-f - 11.43 SB C 

TOTAL NASS * 1.030 » 


73 


an COHDtTIOMSi 


4» 7 P.M. 


4/ 6/79 


noio - aosisioM 

in? TfltP - 434 

iut ixa • o.oo 


»ALL JUTL-3Q438 

TIVOt D1LTA-T ■ 00 OB C 

WTO 110 - 0.00 OB 


i?u> imu 
uasn 
cowo Laura 
total uwtx 


10*0281 U 
10.0281 U 
08.2813 U 
103.1000 II 


43.0000 CK 
43.0000 CK 

170.0000 CK 

202.0000 CK 


wall ran ss 
OtOOTX VIOTjr 
oioo vi axishf 
UKS WISH 


* ■ WVW U 

0*0300 U 
0*1063 II 
0.0070 II 
0*0079 a 




0*0702 CK 
0.2700 CK 
0.0200 CK 
0.0200 CK 


28 0ROOVZS (CL03XDI C0TBU9 WITH 200 1IT» 


fir i R «t n'Y OF 'W 11 ' 

r00 H 


« LIMIT BCOOIIBIB it 


7X0 WAITS 


TOTAL BILTA-T ■ 
TOTAL MASS ■ 


2*43 SB C' 
1.404 B 


wait psuoxnaicx smai it oid rr 


PI 

31280.0 

PS* A 
30370.4 

PA-C 

3010013 

PC 

30710.1 

sms/oju 

TI 

432.801 

TS-A. 

431.242 

TA-C 

430.702 

TO 

431.040 

SB C 

1VAP TWP 
434 

coks tup 

431.97 

SXLZ4-T 

2.42883 



BPO 10214 

B7B« 0 

DPC+B79* 10210 

sna/CM2 


BP® 

920 

opto 

-013 

SfLB 

1100 

SPL08 

4800 

BPTA 

208 

OPUS 

8330 


S0IIC LIMITS! 

171* 

2314 AS* 

2031 WATTS 


a/A*s- 

XTAP 

2 

CMS 

0 

AXIAL 

142 

WATTS/CM2 

S 1 UIl 
21 

I A 1RI 
3101 

LIO 1ST* 
92 

0 A IS# 
3103 

C X IB# 
0 

bot nsis ciabx 92 . 170 a a.,., 

100M «MP. TOLDMI OP NT IMIS CIAB1 floIiSJ S« 


COLS ILQIS CIABX 107.024 
70.3814 

8XAKS 

CM3 



MAT 7IPX. (MBB) 4 2 HOC 173 1378.02 Mum 


StttA-T VALOBt 




3TAP WALL 
.020031 

itap lb 

.302013-02 

ITAP MSI 
.8833731-02 

2TAP01AT1M 

.300283 

SB C 

TITO* lit 
1.01814 

TAPOX (At 
.479730 

TAPOX (C) 
•1.08097 



COISnSATIOl 

.073307 

COXB M28I 
.143041-02 

CMS LB 
.004731-03 

COXO WALL 
.202011 

SB C 


MWO Of 020 WATTS CAOSIS CAMttAIT LIMIT. 071 , 07T 

LAS? 101 -LIMIT® TOW IX CAlCOLAtlOI WAS 1? dl5 „ im 


TOTAL 01LTA-T 
TOTAL MASS 


2.07 OB C 
1.404 Ci 


noxo - anxsioN 

XT A? TSMP • Jn 
»*AT Ala - o.oo 


Utt KATL-304SS 

upoi dh,ta-t • 00 on 0 
*W tl& m o»00 SB 


“ *3*0000 CM 

4“ 4?*** X 0.0281 U 43.0900 ON 

COM UBn 09.2913 XI 178.0000 CM 

TOTAL lautl 103.1300 XI 282.0000 CM 


®*3* 1.0000 XI 

VALL TUIS8 0.0100 XI 

OIOOTX VIM* 0*1003 XI 

OIOOTI UXOM 0.0079 U 

USB TUB 0.0120 XI 


2.0400 OM 
0.0204 CM 
0.2700 CM 
0.0200 CM 
0.0329 CM 


« w Ti mm ** m V4Vwfl| 6A 

« 8100TX8 (CIO SIB) C0T8MB TIB 200 MMX 


io limit acoramia At 


014 VASTS 


TOTAL RSLTA-T m 4.M MO C 

TOTAL MASS » 0*891 B 


SAIT nUOINAIOI MTAILS IT 02 II TT 


M 

10019.8 

tl 

378.293 

SUP TIM? 
377 


Pl-A 

8948.97 

TS-A 

370.886 

com no 
372*438 


PA-C 

8490.41 

ta-c 

388.84 

xulta-t 

4.08820 


PC 

9239.01 

TC 

372.811 


WC “ X9X33 m- 0 DFC+DfO* 19133 SJIXS/CM2 


3/23/79 vrY OF HU 

ItvyRODU'- 1 ' 1 ' ' s p00R 

origins ' ag1, 


nUS/0M2 


30IXC LIMITS t 
3/A’S- 


2 8 2ST* 
16 


887 AS* 373 WATTS 


2 1 SIT# 
2281 


118 BIT* 
88 


AXIAL 

101 

C A UT* 

23 PQ 


SOT ILBIB C8A2B1 M 

SOOM TOP* TOLOXX 01 SOT 71 TIB CBAS83 62.0833 cjo 

COU nuzo MASS 110.102 OlAMS 
71.8843 CM3 

MAT PIPI, IMISI) 4 2 OSCAPS 380*407 SIAM! 

3LLTA-T T ALOIS t 

SUP TALL IT A? LAO 2TAP KSSt XTAPOlAf 

•201120 .20798US12 .3300223-02 ‘ .800488 

T *»* IAI fipat ,c, 

0.82890 1.82044 J.mni 

COM XSSI 
•8102001-03 


coion satioi 

.122278 


STAP XSSI 
•3300221-02 

TAPOI (0) 
-3*77001 

com ua 

•3014493.03 


XUPOUTXaS 

.800488 


COSS VALL 
.4929893-01 


rain OP 710 VATTS CAM S3 — 

LAST IOS-LXXITM FOVKi CALCOLAIIOB VA3 AT 


AOS SOBIC LIMIT 


TASTS/CM2 


C X SSI* 

3 


703 VATTS 


— — TOTAL BSLTA-T 

*— total mass 


0.12 DIB c 
0.691 a 


*5 


ROM CQJOITIOSSl 


ill* P.M 


4/ 6/ 78 


f} 


7LUID - DOHTBSU A 
ITAP TIMP » M2 
4 RAT Ob m J.00 


WALL RATL-3Q4SS 
7 AW I DSLTA-T - SO DU C 

wto aw ■ o.oo m 


3TAF laota 

aos Data 7a 

CORA LBtOTfl 

total isura 


IS. 0281 a 
16.9281 U 
68.2813 IS 
103.1600 U 


*3.0000 CN 
43.0000 OK 

170.0000 CM 

202.0000 CM 


“nwmwBnjrr op top 


o.o. 

WALL TSXRSS 
0 ROOTS WIDTS 
3 BOOTS RRIOHT 
LAU WIBTI 
26 a BOO TO 


i.oooo n 

0.0100 IK 
0.1063 U 
0.0217 II 

o.ooB* a 


2.6*00 CM 
0.026* CM 
0.2780 CM 
0.0660 CM 
0.02*0 CN 


<CIC3®» COTSIXD Will 200 MISS 


SO LIMIT nCOOXTXRXD AT 


4*0 WATTS 


i 

! 


— ■ TOTAL DXLTA-t * 3.72 9B C 

— — ... TOTAL MASS - 0.777 0 

WART miOUUKCl DETAILS CT OR Rt ?T 


PS 

7X-A 

PA-C 

PC 

onus/ CM2 


1 

1 

•63387*6*07 

.8338722*07 

.833673*07 .8338683*07 




» 

T3-A 

TA-C 

TO 

038 C 


i 

1 

3*7.403 

3*7.402 

347.402 

347.402 


• 

1 

1TAJP TRMP 

CORO MNP 

S3LTA-T 





362 

3*6.278 

8.72466 





DPO 3208 

SPO* 0 

DPC+8N- 3206 DTRX3/CH2 



I 

1 

1 

DPT* 

STUB 

OPTA 

DPLA8 



j 

13 

216 

6 

1*26 



i 

i 

SPTC 

fiFLOO 





i 

4 

89* 





t 

t 

f 

SORIO. LIMITS! 

RTAP* 170627 1DV 206878 WATTS 



t 

j 

0/1*8“ 

nip 

COSO 

AXIAL 

WATTS/CM2 


1 

r 

i 


i 

0 

86 



1 

| 

t a an* 

R A asr# 

Lia xxr# 

C A BIT* 

c a asr# 


| 

3 

76* 

287 

76* 

l 



ROT TLOIS CHAflJI 


123.66 OBAMS 



• 

loom TIMP. IDIOMS 01 SOT ILOID CSAB1 

116.787 CM3 



1 

COLD ILOID CS1333 1*2.892 

8BAMS 

* 



| 


133.686 

CSS 




i 

scat pips. tMssai * 2 aooAPS < 34.002 

OBAMS 




DSLTA-t TALOISi 






ITAP WALL 

RTAP LAO 

RTAP MSS 

ETAPO RATIOS 




.178328 

3.70968 

.611876 

.100088 

OSB C 



TAPOt (Xt 

TAP01 (At 

UPOI IC1 





•idaaaiR-os 

.2441413*03 

0 





C0R3RS3ATI0R 

CORO MR3H 

coss m 

COSO WALL 




.24*6672-01 

.149862 

•909027 

•43C1S13-01 

DID C 




POWSR or 560 WATTS 0A0S2S C1PILLART LIMIT. DPL * OPT 

LAST MOR-L1MITX0 POWER CALCOLATIOR WAS AT — 680 WATTS 

1 — TOTAL DELTA- T - 7.19 DO C 

— • TOTAL MASS - 0.777 a 


76 


1 


pa* 


nos coaDiTioaat ,114a A . ;< , 

IXUID « DOWTMJW A * ALL HAIL-30433 

*TAP TtM? - 218 TAPOE DILTA-T - 80 DIB C 

3 BAT AMO - 0*00 MIO AU « 0.00 DU 
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APPENDIX 


o 


This appendix develops Equation 3.2 which 3hows how the mass of a 
radiator heat pipe increases with the performance T of the heat pipe. 

T q » desired heat pipe temperature 

AT = temperature drop down heat pipe 

T S T - AT, actual heat pipe radiating temperature 
o 

A = radiating area of heat pipe at T q 

A s A + da, actual heat pipe radiator area required at T 
o 

Q a power to be radiated from heat pipe 

da increase in surface area 
dt “ decrease in temperature 


da _ A - A 0 
dt = T 0 - T 


Eq * A * 1 


but 


therefore, with 


e<M,T -Tpt 
o 


substitution into 


and A q 

Equation A.l and proper 



rearranging , 


- £g.[(T /T) 4 - 1] Eq* A * 2 

dt AT o 

Now, since area is a function of length, we have 

dl = 1 [(T /T) 4 - 1} A * 3 

c o 


where 1 condenser but = — where 1^= total heat pipe length, 

m = mass, we obtain with substitution and rearrangement - 

da = /T) 4 - 1] Sq* A *4 

A t * 


which is Equation 3.2. 
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